Kinetics of P absorption were investigated in mycorrhizal (Gkmws fascadana) and nonmycorrhizal tomato (Lycopersicon escude_uu) roots to determine why increased ion absorption by mycorrhizae occurs. Initial rates of absorption of "2P were measured at 1 to 100 micromolar KH2PO4 (pH 4.6). Absorption rates of mycorrhizae were about twice those of control roots. Augustnsson-Hofstee analysis yielded two linear phases; V.. and K,. were calculated for each phase. In the low phase (I to 20 micromolar), V..,,S values for the mycorrhizal and nonmycorhizal roots were each 0.10 micromoles P per gram fresh weight per hour while K. values were 1.6 and 3.9 micromolar KH2PO4, respectively. For the high phase (30 to 100 micromolar), V,. vahes for mycorrhizal and nonmycorrhizal roots were 0.32 and 0.25 micromoles P per gram fresh weight per hour and K. values were 35 and 42 micromolar, respectively. These results indicate that at the lower phase concentrations, similar to those expected in most soil solutions, a major factor contributing to the increased uptake was an apparent greater affinty of the absorbing sites for H2PO4-(lower K.).
Mycorrhizal plants commonly accumulate more P than do nonmycorrhizal plants, especially when P availability is limited (5, 9) . Increased absorption is usually attributed to increased surface area and increased soil exploration by the root-fungus association (7, 17, 19) . To our knowledge, the kinetics of ion uptake by mycorrhizae has not been investigated. Information of this type is needed to determine whether enhanced absorption is in fact due solely to increased number of absorbing sites contributed by the fungus, or possibly to greater ion affinity of the fungal absorption sites, or a combination of both factors. Such a kinetic approach to examination of the absorption of P by mycorrhizae is reported here. Tomatoes, known to exhibit a mycorrhizal response in ion uptake (3, 18) , were used in the investigation.
MATERIALS AND METHODS
Inoculum and plants. Chlamydospores Percentage of root system exhibiting mycorrhizal association P ABSORPTION KINETICS OF MYCORRHIZAE was determined at 450X on lactophenol-cotton blue-stained roots.
Forty 1-cm root segments were scored from each plant examined for the presence or absence of coenocytic hyphae, vesicles, or arbuscles. All roots were examined at 14.9x before uptake experiments for presence or absence of surface hypae. Samples were taken for determination of mycorrhizal and nonmycorrhizal dry weight per unit length (12) .
Analysis. Concurrent with absorption studies, roots of representative plants from each treatment were acid-digested (22) for P analysis (11) . Samples of the sand used for growing the plants were analyzed for P by colorimetry (11) on the bicarbonateextractable fraction (15) .
Ion Absorption. Solutions, 500-ml volumes each, of the following P concentrations were used for the absorption studies: 1 Label specific radioactivity ranged from 1.7 tiCi to 5.2 ,uCi/l at the lowest and highest P concentrations, respectively. Preliminary testing of variations in these specific radioactivity values showed no detectable effect on the results obtained. Maximum depletion of ions from the absorption solutions during the absorption period was slightly over 1%.
Absorption rates were determined with excised roots of plants removed from the hydroponic solutions and rinsed briefly in distilled H20. A composite of four roots so prepared from all treatments (sterile, nonmycorrhizal, mycorrhizal) was used at each ion concentration. Upon removal from the uptake solutions, roots were rinsed twice in distilled H20 (two separate volumes of 2 liters each). They were then allowed to desorb for 20 min in 4 liters of 25 mM KH2PO4 (pH 4.6) containing 0.2 mM Ca. Roots were then dried at 80 C for 12 h and counted with a Beckman model LS-IOOC beta-scintillation counter.
Micromoles P absorbed per g fresh weight of roots per h were calculated from the specific radioactivity of each concentration used. The regular P absorption experiment was done five times; the sterile root experiment was completed once for each root source (surface-sterilized seed or root organ culture). Data were analyzed using a one-way ANOVA F test and least-squares techniques.
RESULTS AND DISCUSSION
The mycorrhizal tomato roots were heavily infested with G. fasciculatus, ranging from 79 to 91%, while control roots were free of any observable fungal associate. The expected effect of increased P content in mycorrhizae as compared to the nonmycorrhizal roots was evident (Table I) , though the content in mycorrhizae was lower than that of the nonmycorrhizal roots where soluble phosphate was present. This response agrees with those reported previously (3, 18) . Visual symptom expression was also indicative of the presence ofa mycorrhizal effect. Thus, the present .tudy showed an evident physical association of the fungus with the roots and enhanced absorption of P for mycorrhizal roots.
Lack of detectable P in the washed sand used as support medium (Table I ) indicated that only added P was of consequence in the study. Mean dry weights per unit length of mycorrhizae and nonmycorrhizal roots were 0.09 and 0.08 mg/cm, respectively. These were not significantly different (P < 0.5), indicating that a physical difference was not a factor in the mycorrhizal effect.
To establish that only initial rates were being measured, a prerequisite to absorption kinetic analysis, linearity of absorption over a 25-min period was tested. This was examined at 1 and 60 ,aM P for both mycorrhizal and nonmycorrhizal systems. Uptake was linear in all cases, indicating that initial rates of ion absorption were indeed being monitored and therefore that influx with minor efflux contribution was occurring.
Absorption Qlo values (13 and 23 C) were determined, using the same two concentrations as above, for both mycorrhizal and nonmycorrhizal roots (Table II (8) and Nissen (13 (8, 20) .
In the lower phase concentration range (< 20 ylM KH2PO4), increased number of absorbing sites contributed by the fungal surface area did not appear to be a major factor in increased absorption. This is evidenced by the lack of difference between apparent V.a values of mycorrhizal and nonmycorrhizal treatments (Table III) . A larger V. for mycorrhizae would have been expected if more absorbing sites had contributed significantly to the enhanced uptake that occurred. Consequently, the increased absorption rate observed was due primarily to increased absorption site affinity as indicated by the lower Km for mycorrhizae.
Absorption would thus be more efficient from the lower P concentrations. Since apparent affinity (Ki) is independent of surface area (Vm,), the mycorrhizal system would therefore not depend exclusively on exploration of a large volume of soil by the fungus for ion uptake.
Increased absorption of P by mycorrhizae in the higher phase concentration range (> 30 t1M KH2PO4) appeared to be related mainly to increased number of absorbing sites contributed by the added fungal surface area (greater Vmax) for mycorrhizae (Table   III ). There may also have been some contribution by site affinity, as indicated by the lower Km value. ' Mean and standard deviation of two or three separate analyses.
Plant Physiol. Vol. 64, 1979 CRESS, THRONEBERRY, AND LINDSEY Previous reports have stated that enhanced absorption of P and therefore better growth of mycorrhizal plants was due to increased absorbing surface and associated soil exploration (6, 17, 19) . Certainly, such an explanation would seem logical. Our data indicate that another facet of absorption may be of even more importance at certain P concentrations. The lower phase concentration range of 10 to 20 nmol P/ml as H2PO4 compares with common soil solution values of 3 to 30 nmol P/ml (1) . In this lower phase range, the mycorrhizal effect was exclusively associated with apparent increased site affinity (K.) rather than with increased number of absorbing sites (V..). It is widely accepted that the mycorrhizal effect on P uptake is most evident when P availability is limited. A recent report (2) Plant Physiol. Vol. 64, 1979 zal clover or onion plants and number or length of hyphae involved, suggesting that factors other than hyphal proliferation may be important in the mycorrhizal effect. Considering these aspects and the present data, the site affinity mechanism appears to be a more plausible explanation of the mycorrhizal effect as it normally occurs. To our knowledge, ours is the only case where experimental procedure has been directly addressed to elucidation of the mechanism involved.
Our study utilized constantly stirred solutions, and diffusion to the absorbing site was not a limiting factor. This certainly would not be the case in soil solutions, where diffusion is often the ratelimiting step for P uptake (16) . Therefore, absolute projections from the present diffusion nonlimited conditions to those where diffusion could be limiting cannot be made. It seems logical that where diffusion is limiting the mycorrhizal effect would be enhanced by absorption site affinity. This is evidenced by the calculated rates and rate ratios (from derived V,.. and Km values) for the lower phase concentration range (Table IV) . At the very low P concentrations there was almost a 2-fold increase in rate of absorption by mycorrhizae; this difference gradually declined with increasing P concentrations. Further experimentation that involves diffusion as a rate-limiting step is needed in order to substantiate apparent ion affmity as a factor of importance in the mycorrhizal P ABSORPTION KINETI effect. The pH used in the present study, specifically to use a single ion species, is low relative to most natural situations. A consideration of this condition should be kept in mind in projecting from laboratory to field conditions. Essentially similar but less extension procedures were tried with Mn and Zn on the mycorrhizal and nonmycorrhizal roots. A mycorrhizal effect (increased root content) was evident over the growth period used but there were no differences in rates of initial absorption of these two cations.
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